We demonstrate that human fibroblasts of the rare pk phenotype lack globoside, which was identified as the blood group P antigen, and that p cells possess neither globoside nor trihexosyl ceramide, which was identified as pk antigen. Our investigations indicate also that these glycosphingolipid patterns are most likely caused by inherited preferential biosynthetic pathways in the abnormal phenotypes rather than by excess catabolism of the antigens. Evidence is presented that the fibroblasts of pk phenotype lack fl-N-acetylgalactosaminyltransferase (globoside synthetase; UDP-Nacetylgalactosamine:trihexosylceramide fi-N-acetylgalactosaminyltransferase; EC 2.4.1.79) activity, and those of p are deficient in a-galactosyltransferase (trihexosylceramide synthetase; UDP galactose:lactosylceramide a-galactosyltransferase) and possibly also in globoside synthetase. The diminished globoside synthetase activity in p cells, however, is not caused by the defect in the gene coding for this enzyme. It appears, rather, to be caused by a failure in gene expression because one-third of pk X p hybrids became able to express P antigenicity with a time
presented that the fibroblasts of pk phenotype lack fl-N-acetylgalactosaminyltransferase (globoside synthetase; UDP-Nacetylgalactosamine:trihexosylceramide fi-N-acetylgalactosaminyltransferase; EC 2.4.1.79) activity, and those of p are deficient in a-galactosyltransferase (trihexosylceramide synthetase; UDP galactose:lactosylceramide a-galactosyltransferase) and possibly also in globoside synthetase. The diminished globoside synthetase activity in p cells, however, is not caused by the defect in the gene coding for this enzyme. It appears, rather, to be caused by a failure in gene expression because one-third of pk X p hybrids became able to express P antigenicity with a time lag of 3X4 days after cell fusion [Fellous, The human blood group P system was demonstrated originally on erythrocytes (1) (2) (3) (4) and subsequently on fibroblasts and lymphocytes (5) . This blood group system, which consists of three antigens and five phenotypes, has been immunologically and genetically established (reviewed in ref. 6) . Recently the chemical structures of these antigens have been identified as glycosphingolipids (7, 8) (Table 1) .
Confirmative evidence has come from studies on erythrocytes of the rare abnormal phenotypes (9) : the pk erythrocytes lack globoside and possess an increased amount of trihexosyl ceramide (Hex3Cer), and p erythrocytes, which are virtually deficient in both globoside and Hex3Cer, accumulate lactosyl ceramide (LacCer), thus suggesting a genetic block in formation of globoside in pk individuals and of both Hex3Cer and globoside in p persons.
The biosynthesis of the carbohydrate moiety of glycolipids proceeds by the sequential addition of monosaccharide units from their sugar nucleotide donors to growing acceptors by specific glycosyltransferases (10) . The synthesis of Hex3Cer (11) and globoside (12) The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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Present investigations were undertaken to determine the cause of genetic defects of the antigens in pk and p fibroblasts by chemical analysis of glycolipids, incorporation of radioactive galactose into glycolipids, and assays of specific glycosyltransferase and glycohydrolase activities.
MATERIALS AND METHODS
Cell Lines and Culture. Fibroblasts from three donors whose phenotypes of P blood group were P2, Pi, and p were generously donated by M. Fellous, Hopital Saint-Louis, Paris. Their antigenic and chemical properties are summarized in Table 1 . The fibroblasts, obtained from skin biopsy (5) ,, were cultured in Eagle's minimum essential medium containing 20% fetal calf serum. The fibroblasts were labeled with [14Clgalactose as follows: The cells at the 17th or 18th passage were grown to confluence on glass bottles of 4 X 10 cm, and the medium was After 10 days, the cells were washed five times with Dulbecco's phosphate-buffered saline (pH 7.0) and harvested by use of trypsin. For analysis of glycolipid contents, the cells'were harvested after trypsin treatment and pooled (10th to; 20th passages). For enzymatic assays, the cells were scraped with a rubber policeman and suspended in 0.32 M sucrose:containing 14 mM 2-mercaptoethanol and 1 mM EDTA, disrupted by sonication for 20 sec (Kontes sonicator), and used for the assay without fractionation.
Glycolipid Substrates. LacCer from equine spleen, Hex3Cer from equine kidney, and globoside from pig spleen were prepared as described (13 (14) , and used as substrates in the hydrolase studies.
Isolation and Analysis of Glycolipids. The fibroblasts were freeze-dried and extracted with a suitable volume of chloroform/methanol (2:1, vol/vol), and the solvent was removed by evaporation. The total lipids were acetylated with 1 ml of pyridine/acetic anhydride (3:2, vol/vol) overnight at 600. The acetylated glycolipids were fractionated on a column of Florisil (15) . The acetylated glycolipids were deacetylated by incubation with 0.5 ml of 0.1 M methanolic NaOH for 3 hr at room temperature followed by neutralization with Dowex 50 (H+ form). Analytical thin-layer chromatography was carried out Abbreviations: GicCer, glucosyl ceramide; LacCer, lactosyl ceramide; Hex3Cer, trihexosyl ceramide; ganglioside GM3 (hematoside), sialosyl(a2 (Fig. 2) (25, 000 cpm), and pk (40,000 cpm) fibroblasts were applied to lanes 1, 2, and 3, respectively. became labeled, whereas LacCer and GM3 were heavily labeled. No change in labeling of GlcCer and the other gangliosides was detected among these fibroblasts. Thus, the results of incorporation experiments were consistent with those of cell glycolipid analysis (Fig. 1 increased activity of glycosidases, which degrade the glycolipids synthesized. We examined this possibility by determining the activities of a-galactosidase and f3-N-acetylgalactosaminidase, which cleave terminal glycosidic linkages of Hex3Cer and globoside, respectively, in the cells, using labeled glycolipids as substrates under the same conditions for the synthetase assays.
However, both of the glycosidase activities for the glycolipids were low, and the differences among the three cell lines were within experimental errors. The possibility cited above, therefore, would be unlikely. On the other hand, some inconsistent results were obtained in the experiment using 4-methylumbelliferyl sugars as substrate: i.e., f3-N-acetylgalactosaminidase activity in p cells under the conditions for the glycosyltransferase assays was higher than that of pk and P2 cells (93, 33, and 27 nmol of 4-methylumbelliferon released per mg of protein per hr for p, p14 and P2 cells, respectively), while little a-galactosidase activity was detected with the three cell lines.
On the basis of these results, therefore, it is most probable that the faint trace of globoside in p4 cells, which results in the absence of P specificity, and the marked defect of Hex3Cer and globoside in p cells, which are serologically missing pk and P antigenic expression, are most likely due to the deficient activity of the glycolipid glycosyltransferases. However, we cannot exclude completely that an elevated activity of ,B-N-acetylgalactosaminidase in p cells may, to some extent, be responsible for failure in the formation of globoside.
DISCUSSION
The human blood group P antigen system has been immunologically and genetically studied in detail (reviewed in ref. 6 ). Elucidation of the structures of the antigens of the P system (7, 8) provided studies on the relationships between the serological expression on cells and the metabolic basis of the antigens.
As has been postulated previously (21) , there are two possible reasons for the occurrence of p phenotype. (i) Lack of Hex3Cer (pk antigen, a precursor for globoside synthesis) is due to the absence of a-galactosyltransferase activity (Hex3Cer synthetase). This prevents the production of globoside (P antigen) in spite of the presence of ,B-N-acetylgalactosaminyltransferase activity (globoside synthetase). (ii) The p cells lack both of the synthetases. The former reason was supported in a previous paper (9) .
The present investigations show clearly that the fibroblasts from individuals with the rare phenotypes of the P system lack Biochemistry: Kijimoto-Ochiai et al. globoside synthetase activity in pk cells and both globoside and Hex3Cer synthetase activities in p cells ( Table 2 ). The consequence of defective enzyme activities in the cells was evident from the results of glycolipid patterns (Figs. 1 and 2 ). However, Fellous et al. (22) demonstrated very recently that 30-40% of polykaryon cells obtained by fusion of pk and p fibroblasts expressed P antigenicity 3-4 sdays after hybridization. On the other hand, approximately 60% of hybrids of P2 and p cells showed P reactivity immediately after cell fusion. These data suggest that either pk or p cells may possess the gene coding for globoside synthetase. Although we do not know the real reason for the discrepancy between the missing synthetase activities found by us and the positive antigenic expression after cell fusion described by Fellous, we might venture the possibility that globoside synthetase (activity) of pk X p hybrids may become "induced" by intracellular uptake of Hex3Cer from pk cells. This possibility would be consistent with the combined findings. (i) There is a time lag (3-4 days) for expression of P antigenicity (P2 phenotype) after pk X p cell hybridization, in contrast to an immediate expression of P antigenicity by P2 X p cell fusion. This time lag might coincide with the period required for the "induction" of globoside synthetase. (if) There might also be a possible combination of the distribution in hybrids (pkpk, pkp, pp), i.e., one-third of the tetraploid hybrids of pk and p cells expressed P antigenicity. Similarly, two-thirds of P2 X p hybrids (P2P2, P2p, pp) showed P antigenicity. Therefore, the results of biochemical and cytological experiments imply that pk cells lack the gene for globoside synthetase and that p cells possess this gene but seem unable to express it. Globoside synthetase may be induced during intracellular incorporation of Hex3Cer after a prolonged posthybridization period.
The results of chemical analysis and galactose incorporation experiments of the glycolipids Of p2. p, and P2 fibroblasts were virtually similar to those of Marcus et al. on chemical analysis in erythrocytes (9) . The results of these biosynthetic blocks appears to be increased amounts of Hex3Cer and GM3 ganglioside in pk cells, and of LacCer and GM3 in p cells. There are, however, some variances in glycolipid composition between the twe cells types. In normal erythrocytes, globoside was a predominant component and Hex3Cer was present only in trace amounts (9) , as has been well recognized (23, 24) , while the ratio of the two glycolipids was completely reversed in normal (P2) fibroblasts (Figs. I and 2 ). These differences may, at least to some extent, explain the absence of pk antigen on normal erythrocytes and the positive expression on normal (P2) fibroblasts (5) , and may reflect the metabolic specificity in bone marrow cells and in skin fibroblasts producing the antigens. Low globoside content in normal fibroblasts appears to be correlated with a lower level of globoside synthetase compared with that of Hex3Cer synthetase ( Table 2 ).
The individuals with pk and p phenotypes appear to be physically normal and to have a normal life span despite their glycosyltransferase defects, which result in abnormal glycolipid composition in erythrocytes and tissue cells. On the other hand, a new GM3-gangliosidosis was found to be caused by a defect in ,-N-acetylgalactosaminyltransferase that adds N-acetylgalactosamine onto GM3 (25) . Patients with this disease suffer severe neurological dysfunction and death at childhood. At present-there are no data to indicate whether the inherited defects of only particular glycosyltransferases cause "diseases.
